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Background: The precise role of the Akt kinase in NF-�B induction by the TCR and CD28 is still unclear.
Results:Wehave found that Aktmakes a quantitative contribution toNF-�B induction in T cells, selectively impacting a subset
of downstream genes.
Conclusion:AlthoughAkt is not a canonicalmember of theNF-�Bpathway, it canmodulateNF-�B signaling and transcription.
Significance: These findings may open the way to more selective modulation of NF-�B-dependent pathways.

Activation of the NF-�B signaling pathway is critical for leu-
kocyte activation and development. Although previous studies
suggested a role for the Akt kinase in coupling the T cell antigen
receptor and CD28 to NF-�B activation in T cells, the nature of
the role of Akt in this pathway is still unclear. Using a targeted
gene profiling approach, we found that a subset of NF-�B-de-
pendent genes required Akt for optimal up-regulation during T
cell activation. The selective effects of Akt were manifest at the
level of mRNA transcription and p65/RelA binding to upstream
promoters and appear to be due to altered formation of the
Carma1-Bcl10 complex. The proinflammatory cytokine TNF-�
was found tobeparticularly sensitive toAkt inhibitionor knock-
down, including in primary human blood T cells and a murine
model of rheumatoid arthritis. Our findings are consistent with
a hierarchy in the expression of NF-�B-dependent genes, con-
trolled by the strength and/or duration of NF-�B signaling.
More broadly, our results suggest that defining themore graded
effects of signaling, such as those demonstrated here forAkt and
the NF-�B pathway, is important to understanding how cells
can fine-tune signaling responses for optimal sensitivity and
specificity.

The proto-oncogenic kinase known as Akt (or protein kinase
B) is a serine/threonine kinase activated downstream of the
lipid kinase PI3 kinase, which is recruited to ligated growth
factor and antigen receptors. Dysregulation of the Akt pathway
has been demonstrated in numerous cancers, including some
leukemias and lymphomas (1, 2), andmany downstream targets
for Akt have been described (3). Previous reports from our lab-
oratory and others demonstrated that one downstreameffect of
Akt activation is NF-�B-dependent transcription (4), but it is
still not known what role NF-�B plays in Akt-dependent bio-
logical processes overall. Most previous studies, including our

own, relied on gain of function approaches to show thatAkt can
be sufficient to up-regulate NF-�B-dependent transcription.
Thus, the degree to which Akt is actually necessary for NF-�B
induction during T cell activation is not clear and, indeed,
controversial.
NF-�B family transcription factors reside in the cytoplasm of

unstimulated cells as homo- or heterodimers in complexeswith
the I�B proteins. Upon stimulation, phosphorylation by IKK2

triggers I�B degradation, which promotes NF-�B factor trans-
location to the nucleus followed by their binding to and activa-
tion of transcription from numerous genes (5). However, the
regulation of gene transcription by NF-�B is more complex
than this simple model suggests, and it is now clear that multi-
ple levels of regulation exist to yield the known stimulation- and
cell type-specific patterns of NF-�B gene expression (6). For
example, differences in the magnitude, duration, and/or perio-
dicity ofNF-�B activation have been shown to contribute to the
up-regulation of different subsets of NF-�B-dependent genes
by different receptors (7–11).
Recently, the development of more potent and selective

small molecule inhibitors of Akt has facilitated the study of Akt
function both in vitro and in vivo, although these have mostly
been explored as possible cancer therapies (12, 13). Here we
have employed the compound Akti 1/2, an allosteric inhibitor
that stabilizes the inactive conformation of both Akt1 and Akt2
but not Akt3 (14).We previously showed that this compound is
an effective inhibitor of Akt activation in T cells, at least under
conditions of short-term stimulation (4). We also used the
complementary approach of knocking down Akt1 and Akt2
with siRNA. In this study, using targeted gene array analysis, we
analyzed the program of NF-�B-dependent gene expression
induced during T cell activation and established a subset of
genes that requiresAkt for its up-regulation.Our findings dem-
onstrate thatAkt fine-tunesNF-�B-dependent transcription by
the TCR and CD28, with only a subset of genes sensitive to the
loss of Akt activity. Importantly, we provide mechanistic evi-
dence that the difference betweenAkt-sensitive andAkt-insen-
sitiveNF-�B target genes is due to quantitative effects of Akt on
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NF-�B induction. Finally, using this approach, we have identi-
fied and validated the proinflammatory cytokine TNF-� as a
particularly sensitive target for Akt inhibition in T cells.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-human CD3� and CD28
were from BioLegend (San Diego, CA). Biotin-anti-mCD28
(37.51) and biotin-anti-mCD3� (145–2C11) were fromBDBio-
sciences. Streptavidin and pAkt (S473) antibodies were from
Invitrogen. Anti-�-actin and ionomycin were from Sigma. Akti
1/2 and phorbol 12-myristate 13-acetate were from EMD Bio-
sciences (San Diego, CA). Akt siRNA oligos were from New
England Biolabs. Recombinant hIL-2 was obtained through the
National Institutes of Health AIDS Research and Reference
Reagent Program,Division ofAIDS,NIAID,National Institutes
of Health (catalog no. 136) from Hoffman-La Roche. Anti-p65
(sc-109x) and anti-IKK� (sc-8032) were from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Anti-I�B� and phospho-
IKK�/� were from Cell Signaling Technology, Inc. (Danvers,
MA). Carma1 antibody was from GenWay (San Diego, CA).
Antibodies to Bcl10 and p65 were from Santa Cruz Biotechnol-
ogy, Inc. Antibody to Lys-63-linked Ub was from Enzo Life
Sciences (Farmingdale, NY).
T Cell Lines and Transfections—The D10 T cell clone was

maintained in RPMI with 10% heat-inactivated bovine growth
serum (HyClone/Thermo Scientific, Waltham, MA), and 25
IU/ml recombinant human IL-2. CD4� T cells were isolated
from lymphnodes and spleens from6- to 12-week-oldDO11.10
TCR transgenic mice with the murine T cell purification kit
from Miltenyi Biotec (and stimulated in 24-well plates coated
with anti-Syrian hamster IgG (Jackson Immunoresearch Labo-
ratories, Inc., West Grove, PA), anti-mouse CD3 (1 �g/ml,
Invitrogen), and anti-mouse CD28 (5 �g/ml, Invitrogen). Th1
cells were differentiated from these cells in the presence of
mouse IL-12 (5 ng/ml, BD Biosciences), anti-mouse IL-4 (10
ng/ml; BioLegend), and rhIL2 (25 IU/ml).
For transfection, T cells were resuspended at 35 � 106

cells/ml in RPMI 1640 without supplements. Cells (0.4 ml of
cells in a 0.4-cm cuvette) were electroporated in a Gene-Pulser
(Bio-Rad) at 250 V and 960 �F and then cultured overnight in
10 ml of complete D10 medium, including IL-2. The next day,
live cells were isolated on Lympholyte (Cedarlane Laboratories;
Burlington, NC) and recultured for 3–4 h in complete D10
medium, excluding IL-2, before stimulation.
Luciferase Assays—Jurkat T cells were stimulated for 6 hwith

anti-TCR antibody C305. Luciferase assays were then per-
formed as described previously (4).
Site-directed Mutagenesis—The previously described W80A

mutation (15) was made in a murine Akt1 cDNA clone using
the QuikChange system from Stratagene (San Diego, CA). The
resulting construct was verified by automated sequencing.
Cell Lysis, SDS-PAGE, and Western Blotting—Cell lysates

were prepared in lysis buffer containing 1% Nonidet P-40, 150
mM NaCl, 20 mM Tris-HCl (pH 7.4), and 1 mM EDTA in addi-
tion to protease inhibitors 4-(2-aminoethyl) benzenesulfonyl
fluoride, pepstatin A, aprotinin, and leupeptin, all used accord-
ing to the manufacturer’s recommendations (EMD Biosci-
ences), and phosphatase inhibitors (sodium orthovanadate

(EMD Biosciences) and �-glycerol phosphate (Sigma)). For
analysis of Ub, lysis buffer was also supplemented with 5 mM

N-ethylmaleimide. Western blotting was carried out as
described previously (4).Western blot analyses were developed
with SuperSignal West Pico substrate (Pierce/Thermo Scien-
tific) and imaged on a Kodak Image Station 2000R.
Gene Array Expression Analysis—T cells were left untreated

or pretreated with 20 �M Akti1/2 for 1 h and then stimulated
with biotinylated anti-CD3/CD28 and streptavidin for 0, 2, 6,
and 12 h. Alternatively, T cells were transfected by electropo-
ration with 100 nM Akt Shortcut� siRNA oligos (New England
Biolabs). 24 h after transfection, cells were stimulated as above.
mRNA was isolated with the ArrayGrade mRNA purification
kit (SA Biosciences, Frederick, MD). Using the TrueLabeling-
AMP linear RNA amplification kit (SA Biosciences), mRNA
was reverse-transcribed to obtain cDNA and converted into
biotin-labeled cRNA using biotin-16-UTP (Roche) by in vitro
transcription. Prior to hybridization, cRNA probes were puri-
fied with the ArrayGrade cRNA clean-up kit (SA Biosciences)
and then hybridized to pretreated Mouse NF-�B Signaling
Pathway Microarray OMM-025 (SA Biosciences). Following
washing, cRNA binding was detected using alkaline phospha-
tase-conjugated streptavidin and ECL substrate. The signal was
detected with a Kodak Image Station 2000R. The image data
were transformed into numerical data and analyzed using the
GEArray Expression Analysis Suite (SA Biosciences).
Real-time RT-PCR—Total RNA was reverse transcribed

using the RT2 first strand kit (C-03, SA Biosciences). 18 S rRNA
was chosen as the reference gene for normalization. Real-time
PCR was performed with a StepOnePlus real-time PCR system
(Applied Biosystems, Inc., Foster City, CA) using RT2 SYBR
Green/ROX quantitative PCR master mixes (SA Biosciences).
PCR primers were from SA Biosciences. PCR products were
analyzed bymelt curve analysis and agarose gel electrophoresis
to determine product size and to confirm that no byproducts
were formed.
Multiplex Bead-based and ELISAMeasurement of Cytokines

—Secreted levels of seven cytokines in the supernatants of stim-
ulated cells were measured with a custom kit from Bio-Rad
using the Luminex platform. Alternatively, the level of secreted
TNF-� in D10 T cell or bone marrow-derived macrophage cell
culture supernatants in some experiments was measured using
a commercial mouse TNF-� ELISA kit fromBioLegend.Whole
heparinized human bloodwas obtained from the Central Blood
Bank (Pittsburgh, PA). Anti-CD3� (1 �g/ml), anti-CD28 (10
ng/ml), and IL-2 (1:2000 dilution of recombinant human IL-2)
were added to whole blood diluted 1:1 in RPMI 1640 and incu-
bated at 37 °C for 18 h.
Microwell NF-�B DNA Binding Assay—Binding of nuclear

p65/RelA to anNF-�BDNAconsensus sequencewasmeasured
using a commercially available kit (NF-�B p65 EZ-TFA tran-
scription factor assay (Millipore, Temecula, CA). This method
was used as an alternative to the electrophoretic mobility shift
assay and has been reported to be sensitive and specific (16).
Chromatin Immunoprecipitation—ChIP assays for NF-�B

p65 were performed using a ChIP assay kit (USB, Cleveland,
OH) according to the manufacturer’s recommendations. PCR
was performed using primers complementary to two sites
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flanking an approximately 300-bp fragment of the murine
TNF-� promoter between nucleotides �434 and �722 relative
to the transcription start site and encoding �B sites 2 and 2a:
5�-AGTCATACGGATTGGGAGAAATCCTG-3� (forward)
and 5�AGTTCTTGGAGGAAGTGGCTG-AAGGCA-3� (re-
verse). For I�Ba, the primers were ACTCTTGGGTTTTCAA-
AAAGATCA (forward) and GCCAGTCAGACTAGAAAAA-
GAACTG (reverse). The products were analyzed on a 2%
agarose gel.
IKK Kinase Assay—IKK kinase assays were performed essen-

tially as described previously (4, 17). Briefly, the IKK complex
was immunoprecipitated from unstimulated or stimulated D10
T cells with an antibody to IKK�. Immunoprecipitants were
then washed into kinase buffer with GST-I�B as a substrate.
Reactions were separated on 10% SDS-PAGE gels and imaged
by autoradiography.
Collagen-induced Arthritis—Collagen-induced arthritis (CIA)

was induced as described previously (18) in accordance with
University of Pittsburgh Institutional Animal Care and Use
Committee procedures.
Statistical Tests—Results are presented as the mean � S.D.

Where indicated, p values were calculated using a Student’s
two-tailed t test, on the basis of at least three replicate
experiments.

RESULTS

We first confirmed which isoforms of Akt are expressed in T
cells. Thus, we found that T cells express both Akt1 and Akt2
but do not express detectable levels of Akt3 (Fig. 1A). We next
determined whether the inhibitory activity of Akti 1/2 is main-
tained over the time course of T cell stimulation relevant for the
experiments performed below. Treatment of a murine T cell
clone with Akti 1/2 (10 �M) resulted in long-lasting inhibition
of Akt activation (at least 12 h), as read out by phosphorylation
of Ser-473 (Fig. 1B). To help confirm the specificity of the Akt
inhibitor, we tested its efficacy in anNF-�B reporter assay using
cells transfected withWTAkt or a form of the kinase described
previously to be resistant to the effects of Akti 1/2 (15). Thus,
consistent with our previous findings (4), Akti 1/2 partially
inhibited activation of an NF-�B reporter by TCR stimulation
(Fig. 1C). This effect was also pronounced in T cells cotrans-
fected withWTAkt but not Aktmutated so as to be resistant to
the effects of the inhibitor (W80A). Although this and other
findings point to Akti 1/2 being a very specific inhibitor of two
of the three mammalian Akt isoforms, Akt1 and Akt2 (14, 19),
we were concerned about possible off-target effects. Therefore,
we also employed siRNA to knock down the expression of Akt1
and Akt2 in T cells. As shown in Fig. 1D, transfection of T cells
with oligos specific for Akt1 and Akt2 resulted in significant
knockdown of Akt protein, peaking at about 24 h.
To test the hypothesis that Akt is selectively involved in the

up-regulation of a subset of NF-�B-dependent genes in T cells,
we employed targeted microarrays (“NF-�B Signaling Pathway
OligoArray” under “Experimental Procedures”) specific for 113
genes that are known targets and regulators ofNF-�B signaling.
Thus, T cells were pretreated with 10 �M Akti 1/2 for 1 h or
transfected with Akt-specific siRNA (for 24 h) and then stimu-
lated with anti-CD3/CD28 antibodies followed by RNA isola-

tion and preparation for array analysis. Stimulation of D10 T
cells led to the up-regulation of a number of genes represented
on the arrays (Fig. 2 and supplemental Figs. S1–S4). After pre-
treatment with Akti 1/2 or transfection of Akt1/2-specific
siRNA oligos, only a subset of these genes was impaired in its
up-regulation (Fig. 2 and supplemental Figs. S1–S4). Notable
among these were the genes encoding the cytokines TNF-�,
LIGHT (Tnfsf14), IL-6, IL-10, and GM-CSF (Csf2), which were
similarly affected by both the Akt inhibitor and siRNA treat-
ment (genes highlighted in bold type). Importantly, some
knownNF-�B targets were not affected by either the Akt inhib-
itor or siRNA, for example, the genes encoding I�Ba (Nfkbia)

FIGURE 1. Validation of Akt inhibition strategies. A, expression of Akt iso-
forms in T cells. Primary murine T cells (1o) or Jurkat T cells (J) were lysed and
immunoprecipitated (IP) with the indicated Akt isoform-specific antibodies
(Ab) and then analyzed by Western blotting with a pan-Akt antibody. B, D10 T
cells were stimulated (Stim) with anti-CD3/CD28 antibodies for the indicated
times in the absence (left panels) or presence (right panels) of Akti 1/2. Cell
lysates were analyzed by SDS-PAGE and Western blotting for phospho-Akt
(Ser-473) (upper panels) followed by total Akt (lower panels). DMSO, dimethyl
sulfoxide. C, specificity of Akti 1/2 effect on NF-�B reporter demonstrated
with an inhibitor-resistant Akt allele. Jurkat T cells were transfected with an
NF-�B luciferase reporter and the indicated constructs. The next day, cells
were stimulated with anti-TCR antibody followed by determination of lucif-
erase activity. RLU, relative luciferase units. *, p � 0.05; ***, p � 0.001. D, D10 T
cells were transfected with siRNA oligos specific for murine Akt1 and Akt2.
Lysates were made at the indicated times after transfection and analyzed by
SDS-PAGE for total Akt expression (upper panel) or �-actin as a loading control
(lower panel). Results of the Akt blot are quantified in the right panel.
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and ICAM1 (Fig. 2 (genes highlighted with asterisks) and sup-
plemental Figs. S1 and S3).

To validate the results obtained with the microarrays, we
examined the expression of the genes highlighted above with
quantitative RT-PCR. The quantitative RT-PCR analysis con-
firmed our initial observation that increases in the messages
encoding I�B� and ICAM1 were not affected by Akt inhibition
or knockdown (Fig. 3,A andB). Importantly, these experiments
also confirmed that the CD3/CD28-induced expression of the
genes encoding TNF-� (Fig. 3C), LIGHT (D), IL-6 (E), IL-10 (F)
and GM-CSF (G) were all inhibited by treatment with 10 �M

Akti 1/2 (left panels) or transfection with Akt1/2 siRNA oligos
(right panels). Thus, modulation of Akt activity or expression
indeed results in selective effects on knownNF-�B target genes.
Given the particularly striking difference between the effects of
Akt modulation on up-regulation of the genes encoding I�B�
versus TNF-�, we examined these genes more carefully for a
specific connection to their transcriptional regulation by
NF-�B.

NF-�B is a well known regulator of TNF-� transcription
through multiple NF-�B-binding sites in the TNF-� promoter
(20, 21). We performed a ChIP analysis of the endogenous
TNF-� promoter before and after CD3/CD28 stimulation, with
or without the inhibitor Akti 1/2. As shown in Fig. 4A (left
panel), stimulation of D10 T cells led to increased NF-�B p65
binding to the TNF-� promoter. This activity was significantly
impaired in the presence of Akti 1/2, with the effects over three
experiments quantified in Fig. 4A (right panel). To further
solidify the link between Akt, NF-�B, and gene expression, we

performed a ChIP analysis for p65 binding to the promoter of
the I�B gene (Nfkbia), expression of which was not affected by
Akt inhibition (Figs. 2 and 3). Thus, as shown in Fig. 4B, CD3/

FIGURE 2. Selective effects of Akt inhibition or knock-down on NF-�B sig-
nature genes. Representative partial heat maps from D10 T cells were stim-
ulated with anti-CD3/CD28 antibodies and RNA was extracted, followed by
analysis of expression of NF-�B pathway genes as described under “Experi-
mental Procedures.” A, partial heat map of gene expression changes with or
without treatment with Akti 1/2. B, partial heat map of gene expression
changes after transfection with control or Akt1/2-specific siRNA. *, genes not
affected by Akt inhibition or knock-down.

FIGURE 3. Quantitative RT-PCR analysis of Akt-dependent genes in the
NF-�B pathway. D10 T cells were stimulated with anti-CD3/CD28 antibodies,
and RNA was extracted, followed by quantitative RT-PCR analysis of the
effects of Akti 1/2 (left panels) and Akt siRNA (right panels) on selected NF-�B
pathway genes. A, I�Ba. B, ICAM1. C, TNF-�. D, TNFSF14 (LIGHT). E, IL-6. F, IL-10.
G, CSF2 (GM-CSF). Results are representative of three separate experiments
for each panel. Green diamonds, solvent or control siRNA; blue squares, Akti
1/2 or Akt1/2 siRNA treatment.
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CD28 stimulation led to increased p65 binding to the I�B pro-
moter, which was not inhibited by Akti 1/2. These results dem-
onstrate that inhibition of Akt1 and Akt2 inhibits transcription
from the TNF-� promoter in T cells, at least in part through
decreasedNF-�BDNAbinding. However, binding of p65 to the
I�B promoter under the same conditions was not affected.
Thus, the transcriptional differences described above were due
at least in part to direct effects on NF-�B promoter binding.
To better understand the selective effects of Akt inhibition/

knockdownonNF-�Bpromoter binding,we further probed the
role ofAkt in theNF-�B signaling pathway.As shown in Fig. 5A,
Akti 1/2 significantly (but not completely) inhibited nuclear
entry and DNA binding of p65 induced by stimulation with
anti-CD3/CD28 antibodies, at least at this 2-h time point. How-
ever, when the kinetics of the response were examined, we did
observe an eventual increase in p65 nuclear entry and DNA
oligo binding at later time points in the presence of the Akt
inhibitor (Fig. 5B), despite the fact that inhibition ofAkt activity
wasmaintained (Fig. 1B). Consistentwith the altered kinetics of
p65 nuclear entry andDNAbinding, we found that inhibition of
Akt led to a delay, but not absence, of CD3/CD28-induced deg-
radation of I�B� (Fig. 5C). Thus, consistent with previous stud-
ies on the selective control of gene expression by different
NF-�B-activating receptors (6), Akt-mediated differences in
NF-�B kinetics appear to be translated into specific effects on
CD3/CD28-mediated gene expression.
We next worked backwards in the NF-�B pathway to better

understand where Akt inhibition was impinging on normal
NF-�B induction. I�B� degradation requires phosphorylation
by the IKK complex (5). Indeed, when wemeasured IKK kinase
activity with an in vitro assay, we noted that CD3/CD28-in-
duced IKK activity was impaired in the presence of Akti 1/2

(Fig. 6A). The dynamic range of this kinase assay is not partic-
ularly large in our experience, which may account for the
apparently larger effect on kinase activity compared with I�B
degradation. Activation of the IKK complex requires both
phosphorylation of IKK�/� and Ub of IKK�/NF-�B essential
modulator. Blotting stimulated T cell lysates with a phospho-

FIGURE 4. Effects of Akt inhibition at the level of NF-�B promoter binding.
A and B, chromatin immunoprecipitation was performed on the promoters of
the genes encoding TNF-� (A) or I�B� (B), as described under “Experimental
Procedures,” after stimulation of D10 T cells for 6 h in the absence or presence
of Akti 1/2 (10 �M). Left panels, representative ChIP experiments of three that
were performed for each gene. Right panels, quantitation of ChIP results over
three experiments, represented as the average fold stimulation � S.D. com-
pared with unstimulated cells.

FIGURE 5. Akt inhibition alters the kinetics of NF-�B activation down-
stream of CD3/CD28. A, D10 T cells were stimulated (Stim) for 2 h as indi-
cated. Nuclear extracts were prepared and analyzed for p65 binding to an
NF-�B consensus oligonucleotide (left panel). The right panel contains con-
trols, including a positive control extract, stimulated cell extract analyzed in
the presence of a non-labeled competitor oligonucleotide, and a negative
control (no probe). Results shown are the average fold stimulation � S.D. of
three independent experiments. B, time course of NF-�B p65 nuclear entry
with or without Akti 1/2 treatment. C, effects of Akt inhibition on CD3/CD28-
induced I�B� degradation. D10 T cells were stimulated with anti-CD3/CD28
antibodies without or with 10 �M Akti 1/2. Cells were fixed, permeabilized,
and stained for intracellular I�B and flow cytometry.
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specific antibody to IKK�/� revealed little if any difference in
magnitude or kinetics of phosphorylation in the presence or
absence of theAkt inhibitor (Fig. 6B). However, whenwe exam-
ined Lys-63-linkedUb of IKK�, we did note effects of the inhib-
itor. As shown in Fig. 6C, anti-CD3/CD28 or phorbol 12-my-
ristate 13-acetate /ionomycin stimulation increased the
amount of Lys-63-Ub on IKK�. Use of Akti 1/2 in this assay
revealed two differences: a slight but reproducible increase in
the basal amount of Ub and a decrease in the induced Ub, par-
ticularly at the 30-min time point. Because CD3/CD28-medi-
ated Ub of IKK� requires assembly of a multiprotein complex
containing Carma1and Bcl10 (22), we reasoned that formation
of this complex might be impaired by Akt inhibition. T cells
were stimulated with or without Akti 1/2, and endogenous
Bcl10 was immunoprecipitated, followed by Western blotting
for Carma1. Thus, as shown in Fig. 5E, stimulation with anti-
CD3/CD28 antibodies led to an increase in the amount of
Carma1 coimmunoprecipitated with Bcl10, and this was
severely impaired in the presence of Akti 1/2. As with the IKK
kinase assay discussed above, the dynamic range of this coim-
munoprecipitation assay is rathermodest, which likely explains
the apparent severity of the inhibition.
The results discussed above suggest that Akt inhibition may

have selective effects on cytokine production by effector T cells.
To address this further at the protein level, we determined the
role of Akt in the secretion of a panel of cytokines known to be
made by the D10 T cell clone using a multiplex bead-based
approach. Thus, we stimulated D10 T cells with anti-CD3/

CD28 antibodies in the presence of different concentrations of
Akti 1/2 (1, 10, or 20�M) to determine the relative sensitivity of
different cytokines to the inhibitor. As shown in Fig. 7A, there
was a preferential effect on certain cytokines at lower doses of
the compound. Interestingly, some of the canonical Th2 cyto-
kines, including IL-4, IL-5, and GM-CSF but not IL-13,
appeared to be more resistant to the effects of Akti 1/2 relative
to IL-6 and especially TNF-�. A comparative analysis where the
data are normalized (Fig. 7B) suggests that these cytokine break
down into two classes with respect to sensitivity to Akt inhibi-
tion, resulting in a shift of the dose response curve of approxi-
mately one log.
Given the clinical relevance of TNF-� (23), and the complex

post-transcriptional control of TNF-�message (24, 25), we fur-
ther assessed the effects of Akt inhibition on TNF-� protein in
T cells from different sources. To confirm the results obtained
with the multiplex approach in Fig. 7, we measured TNF-�
secretion with a sensitive ELISA. As shown in Fig. 8A, TNF-�
secretion by D10 T cells was profoundly inhibited by Akti 1/2,
consistent with results discussed above. In addition, we used
this approach to measure TNF-� production by T cells trans-
fected with siRNA against Akt1 and Akt2. Consistent with the
less-than-complete knockdown ofAkt (Fig. 1), we observed sig-
nificant, although not complete, inhibition of TNF-� produc-
tion. Similar results were observed with polyclonal Th1 T cells,
although the overall level of TNF-� production by these cells
was lower (Fig. 8B).

FIGURE 6. Akt inhibition alters signaling to NF-�B from CD3/CD28. A, lysates were made and immunoprecipitated (IP) for the IKK kinase complex using an
antibody to IKK�/NEMO. Kinase assays were performed and run out on SDS-PAGE gels, transferred to PVDF, and exposed to x-ray film (top panel). Blots were
then probed for immunoprecipitated IKK� (bottom panel). B, cell extracts were analyzed by Western blotting for phospho-IKK�/� (top panel) with �-actin as a
loading control (lower panel). C, stimulated D10 cells were lysed and subjected to IP with anti-IKK�/NEMO antibody. Immunoprecipitates were washed with
radioimmune precipitation assay buffer followed by Western blotting with an antibody to Lys-63-linked ubiquitin. D, cells were stimulated as indicated, and
Bcl10 immunoprecipitates were blotted for coimmunoprecipitated Carma1 (first panel) or for Bcl10 (second panel), as were whole cell lysates (third and fourth
panels). Results in each part are representative of at least three experiments.

Akt and NF-�B-dependent Gene Regulation

OCTOBER 14, 2011 • VOLUME 286 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 36081



Next, we examined the effects of Akt inhibition on produc-
tion of TNF-� following anti-CD3/CD28 stimulation of whole
human blood. Such an assay is often used for identifying the
potential clinical utility of small molecule inhibitors of kinases,
in the more complex environment of whole blood (26). As
shown in Fig. 8C, anti-CD3/CD28 stimulation of whole blood
resulted in production of TNF-�, presumably mostly from T
cells, and this was significantly inhibited by Akti 1/2 (white
bars). Although there was substantially more TNF-� produced
after stimulation of whole blood cultures with phorbol 12-my-
ristate 13-acetate and ionomycin, which bypass receptor-prox-
imal signaling pathways, this was not inhibited by Akti 1/2 (Fig.
8C, black bars). This important control helps to confirm the
specificity of the Akt inhibitor and its lack of general toxicity.
Finally, we examined the effect of Akt inhibition on antigen-
specific TNF-� production by T cells from a mouse model of
rheumatoid arthritis. Thus, mice were immunized with type II
collagen and followed for development of joint swelling (18, 27).
Upon identification of animals with inflammation, draining
lymphnodes and spleenswere harvested, and cells were restim-
ulated in vitro with antigen. As shown in Fig. 8D, addition of
antigen (type II collagen) to lymph node cultures (white bars)
led to increased secretion of TNF-�, compared with unstimu-
lated (no antigen) cultures. This secretion was inhibited by all
doses of Akti 1/2 (from 1–20 �M, shaded bars). We also noted

significant inhibition by Akti 1/2 of anti-CD3/CD28-stimu-
lated TNF-� production in these cultures of murine lymph
node cells (Fig. 8D). Because a recent publication suggested
that Akti 1/2 might act in part through inhibition of calcium/
calmodulin dependent protein kinase (28), we also stimulatedT
cells in the presence of the potent CaMK inhibitor KN-93.
However, this compound had no effect on TNF-� production
(data not shown), providing additional evidence that Akti 1/2
blocks TNF-� production as a result of inhibition of Akt
activity.

DISCUSSION

In this study, we set out to clarify the role of the serine/
threonine kinase Akt in CD3/CD28-induced NF-�B activity.
Our data are consistent with a model whereby Akt is not a
canonical member of the pathway leading from CD3/CD28 to
NF-�B, but rather this kinase appears tomodulate flux through
the pathway. Importantly, these conclusions were based not
only on the use of a selective smallmolecule inhibitor of Akt but
also siRNA-mediated knockdown of Akt1 and Akt2. Although
earlier gain of function studies suggested a role for Akt in reg-
ulating the NF-�B pathway during T cell activation (4, 17,
29–31), the extent and mechanism of Akt involvement in
NF-�B activation have not been clear. Our data show for the
first time that Akt activity is required for induction of a subset

FIGURE 7. Differential effects of Akt inhibition on T cell cytokine production. A, D10 T cells were stimulated (Stim) for 24 h with anti-CD3/CD28 monoclonal
antibodies in the absence or presence of increasing concentrations of Akti 1/2 (1, 10, and 20 mM). Supernatants were analyzed for the indicated cytokines with
a bead-based multiplex system. Results are the average � S.D. of triplicate wells and are representative of three experiments. *, p � 0.05; **, p � 0.01; ***, p �
0.001. B, results for the indicated cytokines were normalized to the starting time point and graphed together.
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of NF-�B-dependent genes during T cell activation, at least in
part through effects on p65/RelA nuclear entry and DNA bind-
ing. One of the most consistently and potently inhibited genes
was that encoding TNF-�, a particularly relevant target for
immune modulation.
Our currentmodel, on the basis of this and previouswork (4),

is that Akt exerts a quantitative effect upstream of IKK activa-
tion but downstream of CD3 and CD28, resulting in an ampli-
fication of the NF-�B response (Fig. 9). Thus, knockdown or
small molecule inhibition of Akt dampens but does not com-
pletely impair NF-�B activity, as read out by I�B� degradation
and p65 nuclear entry. In particular, the assessment of p65
nuclear entry and DNA binding ability (at least to an oligo)
revealed a shift in the kinetics of NF-�B activity in the absence
of Akt activation. Several groups have elegantly demonstrated
that quantitative effects on NF-�B activity can selectively
impact the expression of certain NF-�B target genes (7, 8, 11,
32, 33) and that this might underlie the observation that differ-
ent NF-�B-activating stimuli up-regulate the expression of dis-
tinct subsets of genes. However, this possibility has not been

addressed previously with antigen receptor signaling in T or B
cells, nor has it previously been ascribed to a single intermediate
in a signaling pathway, as we have demonstrated here with Akt.
Working upstream from p65 and I�B, we show that IKK

kinase activity is inhibited by Akti 1/2, as are IKK�/NEMO
ubiquitination and Carma/Bcl10/MALT1 complex assembly.
However, IKK�/� phosphorylation appears to be unaffected by
Akt inhibition. Thus, on the basis of previous work of Lin and
colleagues (22), our data point to a defect at or upstream of the
CBM complex when Akt is inhibited. This conclusion is also
consistent with a previous study from our group that demon-
strated a requirement for Carma1 expression in mediating the
activation of NF-�B by ectopic Akt expression (4). Although
these findings point to possible phosphorylation of one ormore
CBM components by Akt, we have not yet succeeded in identi-
fying a direct target for Akt phosphorylation in the CBM com-
plex. Carma1 is one possibility because it is known to be regu-
lated by multiple phosphorylation events (34), but Carma1
contains no obvious sites of Akt phosphorylation. This is an
important question for future studies to address.

FIGURE 8. Requirement for Akt in TNF-� production by T cells from multiple sources. A and B, comparison of Akti 1/2 and Akt siRNA effects on TNF-�
production. The murine Th2 cell clone D10 (A) or bulk murine Th1 cells (B) were stimulated as indicated, following 30-min pretreatment with Akti 1/2 or 24-h
transfection with Akt1/2 siRNA oligos. After 24-h stimulation, murine TNF-� was measured in cell-free supernatants by ELISA. C, whole human blood was
stimulated with anti-CD3/CD28 antibodies for 18 h, followed by analysis of hTNF-� concentration by ELISA. Results shown are the average � S.D. of triplicate
wells from a single experiment, representative of four experiments performed with two different donors. D, lymph node cells from mice immunized with type
II collagen (CII) were restimulated in vitro without (white bars) or with (shaded bars) Akti1/2 in increasing concentrations (1, 10, and 20 �M). The culture
supernatant was assayed for TNF-� by ELISA. Results are the average of triplicate points from a single experiment, representative of three that were performed.
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Intriguingly, we noted that up-regulation of the gene encod-
ing I�B� was not significantly affected by Akt inhibition or
knockdown, consistentwith previous observations in other sys-
tems that I�B� is less sensitive to the overall magnitude and/or
duration of NF-�B activity (7). Because I�B� is an important
feedback regulator, overall weaker stimulation of the pathway
(e.g. in the presence of the Akt inhibitor), coupled with rela-
tively normal up-regulation of I�B�, may result in a more dra-
matic effect on those genes that require themost robust NF-�B
activity (such as TNF-�). Thus, our findings are also consistent
with previous reports that NF-�B-dependent TNF-� up-regu-
lation is relatively sensitive to the levels of NF-�B activity (11).
Although T cells are not usually discussed as major producers
of TNF-� during autoimmunity, increased production of
TNF-� among antigen-specific T cells has been observed in the
collagen-induced arthritis model (35). In addition, there are a
number of other settings in which T cell production of TNF-�
appears to be clinically relevant. Production of TNF-� by bone
marrow T cells has been linked to bone loss associated with
estrogen deficiency (36, 37). In addition, the presence of TNF-
�-producing T cells correlates with disease severity and pro-
gression inmultiple sclerosis (38, 39). Finally, the production of
TNF-� by alloreactive T cells was shown to predict allograft
rejection (40).

There continues to be interest in the potential clinical utility
of small molecule inhibitors to target inflammation, particu-
larly in the context of high levels of proinflammatory cytokines
like TNF-� and IL-6. Although protein drugs that neutralize
TNF-� have been successful in the treatment of diseases like
rheumatoid arthritis (41), these therapies are expensive and dif-
ficult to produce and deliver, and their continued use can lead
to the development of neutralizing antibodies that negate their
efficacy in some patients. For these reasons, a number of small
molecule compounds that show promise in inhibiting either
the production or action of proinflammatory cytokines like
TNF-� continue to be actively pursued (42, 43). Although inhi-
bition of Akt in various settings has so far been disappointing
because of deleterious effects onmetabolic pathways, our stud-
ies provide proof of principle that partial inhibition of the
NF-�B pathway may allow for more selective modulation of
downstream gene expression.
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